Introduction
============

Patient demand for tooth-colored posterior restorations is increasing. Resin inlays are alternatives to direct composite restorations in posterior teeth, because the resin inlays are polymerized in the laboratory before cementation.[@B1] Therefore, the risk of postoperative sensitivity and microleakage due to polymerization shrinkage can be reduced.[@B2]-[@B4] Also, a superior contact with the adjacent teeth can be achieved under a more controlled environment. Usually, the indirect composite resin systems are composed of dentin or opaque layer, enamel layer, and translucent layer. And as tooth preparation for resin inlays is minimum 1.5 mm in the occusal surface, the manufacturers recommend building up each layer in 0.5 mm.[@B5] However, little information is provided about the curing light penetration of each layer and the combination of the layers forming the resin inlay.

Resin cements are the material of choice for the adhesive cementation of resin inlays. Resin inlays require a perfect seal and a strong, durable resin bond provides high retention and improves marginal adaptation.[@B6] Therefore, microleakage is prevented and fracture resistance of the restored tooth and the restoration itself is increased.[@B7],[@B8] Resin cements are available in chemical cure, light cure, and dual cure formulations. Dual cure cements are usually used for resin inlays. They polymerize chemically when the base and catalyst components are mixed and also when they are subjected to the curing light from a light curing unit (LCU). Dual cure resin cements offer the advantages of extended working time and controlled polymerization and chemical activators ensure a high degree of polymerization.[@B9]

During cementation of resin inlays, the peripheral parts of the cement interface, mainly at the occlusal aspects, are the only parts that can benefit from both chemical and light curing, because they are readily accessible to the curing light. Polymerization of the more remote parts of the cement, for example, at the pulpal floor, rely more extensively on the chemical component of the curing mechanism.[@B10] However, most dual cure resin cements still require light curing and demonstrate inferior hardness when light activation is omitted.[@B10],[@B11] Hasegawa et al. studied the hardening of three dual cure cements under resin inlays and reported that chemical curing alone did not completely harden the cements when light was attenuated by the tooth structure and the restoration material.[@B11] Chan and Boyer studied the hardening of light cure resin cements through porcelain and found that the thickness and shade of the porcelain can affect the hardness of the cement.[@B12]

Light intensity decreases as a function of depth, whereas composite resin characteristics such as optical translucency and the refractive index of the resin dictate the amount of light scattering, and consequently, limit the depth of cure. Thorough light curing, therefore, depends on light penetration to a desired depth through resin inlays that may prevent such penetration.[@B13] For polymerization of composite resins, curing light with a minimum intensity of 300 mW/cm^2^ is required.[@B14],[@B15] Therefore, to polymerize dual-cure resin cements, curing light must have an intensity of at least 300 mW/cm^2^ after transmitting through the resin inlay. Most studies on power density measurement through various indirect restorations such as ceramics, zirconia, and composite resins were limited to single shade materials, and only a few studies dealt with the shade combinations of a resin inlay simulating the clinical situation including the dentin, enamel, and translucent shades.[@B13],[@B16]-[@B20]

Therefore, the purpose of this study was to determine the resin inlay layer combination having an increased curing light penetration for light curing of the dual cure resin cements beneath the resin inlay. At first, the power density of LCUs through resin wafers of dentin, enamel, and translucent layer of 0.5 mm thickness was measured to investigate which layer dominantly affected the curing light penetration. Then the corresponding layer was modified for increasing curing light penetration through resin inlays. Also, the effect of LCUs with various power densities on curing light penetration was investigated.

Materials and Methods
=====================

A custom-made cylindrical aluminum mold 60 mm in diameter and 45 mm in length with a hole 15 mm in diameter and 30 mm in depth at the center was used to fabricate the resin wafers and resin inlays ([Figure 1](#F1){ref-type="fig"}). A hole of 1.5 mm diameter was fabricated in order to ensure that the resin specimens could completely cover the power density measurement spot of dental radiometer, and also be larger than the fiberoptic tip diameter of the LCUs. A flat Teflon plate 15 mm in diameter was inserted into the hole and a bolt was attached to the opposite side of the plate, so that the space in the hole could be adjusted by the rotation of the bolt. By rotating the bolt 360 degrees counterclockwise, the Teflon plate could be moved in a downward direction thereby rendering a 1 mm deep empty space in the aluminum mold. The rotation of the bolt was marked in 10 steps such that one step corresponded to a downward movement of the Teflon plate by 0.1 mm.

Three layers of Sinfony indirect lab composite (3M ESPE, Seefeld, Germany) were used: A2 dentin (D2), E2 enamel (E2), and T1 translucent (T1) layers. To investigate the effect of shade on the power density, resin wafers of different shades measuring 0.5 mm in thickness were fabricated. The Teflon plate was lowered by 0.5 mm by rotating the bolt counterclockwise and the empty space in the aluminum mold was filled with one of the shades. Then, the upper surface of the aluminum mold was covered with a polyester film and a glass slab to put pressure on the surface and was light cured with a light emitting diode (LED) LCU (Elipar FreeLight 2, 3M ESPE, St Paul, MN, USA) for 5 seconds. After removing the glass slab and the polyester film, the dentin layer was light cured for 20 seconds using an overlapping curing procedure in order to ensure that every part of the specimen was light cured. Seven specimens of each resin wafer were fabricated.

The resin inlays were placed over the measurement spot of a hand-held dental radiometer (Cure Rite, Kerr, Milford, MA, USA) and the LCUs were activated with the touch of the fiberoptic tip to the resin inlays. The power density of the LCUs through resin inlays was measured at 10 seconds from the start of light curing, according to the manufacturer\'s instructions. Three kinds of LCUs were investigated: a low-power density halogen LCU (360, Optilux 360, Demetron, Danbury, CT, USA), a high-power density LED LCU (FL2, Elipar FreeLight 2), and a newly introduced high-power density LED LCU (S10, Elipar S10, 3M ESPE, [Table 1](#T1){ref-type="table"}). The power densities of LCUs were 530 mW/cm^2^, 1,040 mW/cm^2^, and 1,340 mW/cm^2^, respectively, measured with the dental radiometer.

To enhance the power density through resin inlays, the thickness of the dentin layer was reduced stepwise from 0.5 to 0.1 mm by 0.1 mm. To simplify the variations of other layer thicknesses, the thickness of the enamel layer was kept unchanged at 0.5 mm and the thickness of the translucent layer was increased and vice versa to maintain the thickness of 1.5 mm of the resin inlay. Therefore, the resin inlays were fabricated using layer thickness combinations of 0.5-0.5-0.5 mm (d5e5t5), 0.4-0.5-0.6 mm (d4e5t6), 0.4-0.6-0.5 mm (d4e6t5), 0.3-0.5-0.7 mm (d3e5t7), 0.3-0.7-0.5 mm (d3e7t5), 0.2-0.5-0.8 mm (d2e5t8), 0.2-0.8-0.5 mm (d2e8t5), 0.1-0.5-0.9 mm (d1e5t9), 0.1-0.9-0.5 mm (d1e9t5) in the order of dentin-enamel-translucent shades.

For example, to fabricate resin inlays of d5e5t5 combination, the Teflon plate was lowered by 0.5 mm and the empty space in the aluminum mold was filled with dentin layer. After light curing the dentin layer as described above, the Teflon plate with light cured dentin layer was lowered by another 0.5 mm and the empty space in the aluminum mold was filled with the enamel layer and light cured. The same procedure was repeated with the translucent layer in order to fabricate the resin inlay of 1.5 mm thickness. The other thickness combinations of resin inlays were fabricated as described above by controlling the thickness of each layer by the rotation of the bolt. Seven specimens of resin inlays with each thickness combination were fabricated.

The power densities of LCUs through resin inlays and resin wafers were analyzed with two-way ANOVA at 0.05 significance level followed by *post-hoc* comparisons with Tukey\'s HSD test (SPSS 12.0K, SPSS Inc., Chicago, IL, USA). After this, one-way ANOVA and Tukey\'s HSD test were employed to compare all groups.

Results
=======

Power densities through 0.5 mm resin wafers of each shade are shown in [Figure 2](#F2){ref-type="fig"}. The two-way ANOVA showed a significant effect for both the main factors (shades, *p* \< 0.001; LCUs, *p* \< 0.001) and their interaction (*p* \< 0.001). The power densities through the translucent, enamel, and dentin shades decreased significantly in that order.

The power densities of LCUs through variations of layer thickness of the d2e2t1 shade are shown in [Tables 2](#T2){ref-type="table"} and [3](#T3){ref-type="table"}. The two-way ANOVA showed a significant effect for both the main factors (shades, *p* \< 0.001; LCUs, *p* \< 0.001) and their interaction (*p* \< 0.001). In all LCUs, the power densities through the resin inlays were generally increased as the thickness of the dentin layer was decreased. The maximum power density of 360 LCU was 142 mW/cm^2^ and was measured through the d1e5t9 combination and 141 mW/cm^2^ through d2e5t8 combination which showed no statistical difference. The power densities of FL2 LCU through the d2e5t8, d1e9t5 and d1e5t9 combinations were more than 300 mW/cm^2^. The power densities of S10 LCU through every specimen of the dentin layer from 0.5 to 0.1 mm in thickness were more than 300 mW/cm^2^. When the dentin layer thickness was kept unchanged, an increase in the thickness of the translucent layer rather than the enamel layer resulted in enhanced curing light penetration. Especially, when the thickness of the dentin layer was decreased to 0.2 and 0.1 mm, the power density through resin inlays with increased translucent layer thickness was significantly higher than that through resin inlays with increased enamel layer thickness (*p* \< 0.05).

Discussion
==========

The composite resin used in the present study was a microhybrid material marketed for inlays, onlays, veneers, and crowns (Sinfony indirect lab composite, 3M ESPE). It is composed of 50 to 55% aliphatic (mainly HEMA) and cycloaliphatic monomers by weight as well as 45 to 50% borosilicate glass and quartz (particle size distribution of 0.5 to 1.0 µm). In our previous study, power densities of LCUs were measured through 1.5 mm thick resin inlays fabricated with direct and indirect composite resins of Z350 A3, Supreme XT A3B + A3E, and Sinfony A3 + E3 + T1 (3M ESPE).[@B20] The power density through resin inlays could be enhanced by using indirect composite resin with multiple shade layers. To further enhance the power density of LCUs through resin inlays, the same kind of indirect composite resin was used as in the previous study.

The power density through each shade of 0.5 mm thickness was measured to investigate the effect of shades on light penetration. The power density of all LCUs through the dentin shade was significantly lower than that through the enamel and translucent shades. It is assumed that the pigments used for the dentin shade affected the curing light penetration more than the other shades.[@B21] Although the resin wafers were as thin as 0.5 mm, the power density through the dentin shade was decreased by 61, 58, and 55% of the original power densities in 360, FL2, and S10 LCUs. The power density through the enamel shade was decreased by 40, 35, and 31%, and that through the translucent shade was decreased by 32, 28, and 24%. This was in accordance with the other studies. Rasetto et al. measured curing light penetration through all-ceramic dental materials and reported that the power density of the conventional halogen LCU (660 mW/cm^2^) and high-intensity halogen LCU (1,050 mW/cm^2^) through 0.4 mm thick Procera coping was decreased to 230 mW/cm^2^ and 345 mW/cm^2^ respectively which corresponds to 35 and 33% of the original power density.[@B13] Also, Prati et al. reported that composite resin caused a dramatic reduction in power density.[@B17]

As the dentin layer of the resin inlays had the greatest effect on the reduction of power density, we reduced the thickness of the dentin layer and increased the thickness of either the enamel layer or the translucent layer in order to increase the curing light penetration. The power density of 360 LCU through the resin inlays with dentin layer of 0.5 mm thickness was measured 103 mW/cm^2^. Through reduction of the dentin layer to 0.1 mm thickness, the power density was enhanced to 142 mW/cm^2^. However, to properly light cure the resin cement under the resin inlay, power density of minimum 300 mW/cm^2^ is required.[@B22] Therefore, low-power density LCUs would be inappropriate for proper light activation of resin cements through resin inlays. The power density of FL2 LCU was measured significantly higher than that of 360 LCU through resin inlays of every thickness combination (*p* \< 0.05). The power density through the resin inlays with dentin layer of 0.5 mm thickness was measured 239 mW/cm^2^, and the power density could be enhanced by reducing the dentin layer thickness. The power densities through the d2e5t8, d1e9t5, and d1e5t9 combinations were more than 300 mW/cm^2^ thereby indicating its light activation capability. The power density of S10 LCU through every thickness combination was more than 300 mW/cm^2^. Therefore, it can be assumed that when the LCUs with irradiance more than 1,340 mW/cm^2^ are used, the power density through the resin inlays with dentin shades of 0.5 mm thickness will be sufficient for light activation of resin cement.

For light curing the resin cement beneath the resin inlay, the original power density of the LCUs as well as the curing light penetration through resin inlays should be considered. Since previous studies on the curing efficiency of halogen and LED LCUs showed that the power density of LCUs rather than the source of the light had the major effect on the degree of conversion of composite resin, a low-power density halogen LCU of 530 mW/cm^2^ and two high-power density LED LCUs of 1,040 mW/cm^2^ and 1,340 mW/cm^2^ respectively were used in this study.[@B23],[@B24] The results showed that the power density of the low-power density LCU was insufficient to light cure the resin cement beneath the resin inlay even if the curing light penetration was enhanced with reduced dentin layer thickness. The power density of LED LCU of 1,040 mW/cm^2^ through the resin inlays was sufficient for light curing the resin cement if the dentin layer thickness was reduced to 0.2 mm or less. When using more powerful LED LCU of 1,340 mW/cm^2^, the power density through the resin inlays was sufficient even with dentin layer thickness of 0.5 mm to light cure the resin cement under the resin inlays. Therefore, in the aspect of light curing the resin cement beneath the resin inlays, high-power density LCUs would be recommendable.

Interactions between the shade of the layer and LCUs were observed in the statistical analyses of power densities through resin wafers and inlays. These interactions could be explained by the curing light diffusion of LCUs. In our previous study, curing light diffusion of LED LCUs was measured as 75.0 ± 0.8 degrees, whereas that of halogen LCUs was measured as 48.3 ± 3.1 degrees.[@B15] It could be possible that the difference in curing light diffusion affected the curing light transmission through resin inlays and caused the interaction between the layer shades and the LCUs.

In this study, we only considered the light penetration through the resin inlays and the esthetics of the resin inlays due to decreased dentin shade thickness and increased translucent shade thickness was not taken into account since esthetics is not an important factor in posterior restorations. We only tried not to omit either of the dentin, enamel, and translucent shades while maintaining the resin inlay thickness of 1.5 mm. Also, the axial wall of the peripheral box is in similar or even inferior situation as the pulpal floor of the prepared tooth for curing light penetration. To enhance the curing light penetration into the axial wall, light curing procedure at the facial and lingual aspect as well as the occusal aspect seems to be inevitable.

Conclusions
===========

Within the limitations of this study, the dentin layer affected the curing light penetration through resin wafers more than the enamel and translucent layers. Therefore, dentin layer thickness was reduced to enhance the power density of LCUs penetrating the resin inlays. However, when low-power density LCU of 530 mW/cm^2^ is used, reducing the dentin layer thickness could not enhance the power density over 300 mW/cm^2^ through the resin inlay. With high-power density LCU of 1,040 mW/cm^2^, reducing the dentin layer thickness to 0.2 mm would be recommendable. With another high-power density LCU of 1,340 mW/cm^2^, there was no need of reducing the dentin layer thickness as the power density was measured more than 300 mW/cm^2^ through every resin inlay. Therefore, when light curing the resin cements under the resin inlays, the resin inlays should be fabricated with dentin layer thickness of 0.2 mm or less, and high-power density LCUs of 1,040 mW/cm^2^ or more should be used for light curing the resin cements.
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![Photograph of the custom-made aluminum mold with a movable Teflon plate attached to a bolt.](rde-37-130-g001){#F1}

![Power densities of light curing units measured through 0.5 mm resin wafers. The power densities through the dentin, enamel, and translucent shades showed statistically significant differences (*n* = 7, *p* \< 0.001). D2, dentin shade A2; E2, enamel shade E2; T1, translucent shade T1; 360, Optilux 360; FL2, Elipar FreeLight 2; S10, Elipar S10.](rde-37-130-g002){#F2}

###### 

Description of the light curing units used in this study
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The power densities were measured with a hand-held dental radiometer (Cure Rite, Kerr).

LCU, light curing unit; 360, Optilux 360; FL2, Elipar FreeLight 2; S10, Elipar S10; QTH, quartz tungsten halogen; LED, light emitting diode.

###### 

Summary of two-way ANOVA of main factors (light curing units and layer thicknesses) and their interaction for power density
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LCU, light curing units; Layer, layer thicknesses.

###### 

Power densities (mW/cm^2^ ± SD, *n* = 7) of light curing units through 1.5 mm d2e2t1 shade with different dentin layer thicknesses
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Values having the same superscript letters are not significantly different at α = 0.05. Uppercase letters were used to compare groups in the rows; lowercase letters were used to compare groups in the columns.

d5, d4, d3, d2, d1, dentin layer thicknesses of 0.5 mm, 0.4 mm, 0.3 mm, 0.2 mm, 0.1 mm; e9, e8, e7, e6, e5, enamel layer thicknesses of 0.9 mm, 0.8 mm, 0.7 mm, 0.6 mm, 0.5 mm; t9, t8, t7, t6, t5, translucent layer thicknesses of 0.9 mm, 0.8 mm, 0.7 mm, 0.6 mm, 0.5 mm; 360, Optilux 360; FL2, Elipar FreeLight 2; S10. Elipar S10.
